Insect galls are highly specialized structures arising from atypical development of plant tissue induced by insects. Galls provide the insect enhanced nutrition and protection against natural enemies and environmental stresses. Galls are essentially plant organs formed by an intimate biochemical interaction between the gall-inducing insect and its host plant. Because galls are plant organs, their development is likely to be governed by phytohormones involved in normal organogenesis. We characterized concentrations of both growth and defensive phytohormones in ungalled control leaves and galls induced by the aphid Pemphigus betae on narrowleaf cottonwood Populus angustifolia that differ genotypically in resistance to this insect. We found that susceptible trees differed from resistant trees in constitutive concentrations of both growth and defense phytohormones. Susceptible trees were characterized by significantly higher constitutive cytokinin concentrations in leaves, significantly greater ability of aphids to elicit cytokinin increases, and significantly lower constitutive defense phytohormone concentrations than observed in resistant trees. Phytohormone concentrations in both constitutive and induced responses in galled leaves exhibited high broad-sense heritability that, respectively, ranged from 0.39 to 0.93 and from 0.28 to 0.66, suggesting that selection can act upon these traits and that they might vary across the landscape. Increased cytokinin concentrations may facilitate forming strong photosynthate sinks in the galls, a requirement for galling insect success. By characterizing for the first time the changes in 15 phytohormones belonging to five different classes, this study offers a better overview of the signaling alteration occurring in galls that has likely been important for their ecology and evolution.
Many insects manipulate the development of their host plants in a species-specific manner to generate galls-structures composed of atypical outgrowth of plant tissue within which the insect, its offspring, or both feed. These structures supply the gall-inducer with nutrients and protection against natural enemies and environmental stresses to enhance development, reproduction, and survival (Mani 1964; Price et al. 1987; Stone and Schönrogge 2003) .
Insect gall development involves the active differentiation and growth of plant tissues with features of a novel organ, and galls increase in size via cell hypertrophy and tissue hyperplasia (Mani 1964; Shorthouse et al. 2005) . Gall growth and its food content are supplied, in most cases, by forming a strong sink for photosynthates (Compson et al. 2011; Larson and Whitham 1991; Rehill and Schultz 2003) . All these functions are normally controlled by phytohormones during plant growth and development. For this reason, many studies have measured concentrations of one or a few plant hormones in galls as compared with ungalled tissues (Bartlett and Connor 2014; Dorchin et al. 2009; Hori 1992; Mapes and Davies 2001a and b; Tanaka et al. 2013; De Moraes 2009, 2011; Tooker and Helms 2014; Wood and Payne 1988) . Hormone profiles may be altered by the plant in response to insect attack and may involve phytohormones produced by insects or their bacterial symbionts, or both (Body et al. 2013; Straka et al. 2010; Suzuki et al. 2014; Yamaguchi et al. 2012; Zhang et al. 2017) .
Galling insects are herbivores and might, therefore, elicit hormonally regulated defense responses in their host plants. For example, jasmonates comprise a family of phytohormones that coordinate defense responses against necrotrophic pathogens and chewing herbivores (Erb et al. 2012; Pieterse et al. 2012; Thaler et al. 2012) . Salicylic acid (SA) is a key phytohormone coordinating plant responses to infection by biotrophic pathogens, particularly by bacteria, and to fluid-feeding herbivores (Erb et al. 2012 ; Pieterse et al. 2012; Thaler et al. 2012) .
In this study, we attempted to determine whether altered phytohormone profiles are associated with genotypic resistance (Zinkgraf et al. 2016) to gall development. Our study system comprises galls formed at the base of the leaf blade of narrowleaf cottonwood Populus angustifolia by the aphid Pemphigus betae (Fig. 1) (Richardson et al. 2017) . The success of the aphid Pemphigus betae on cottonwood genotypes varies from no or few galls to as many as 50,000 on an individual tree (Whitham 1983 ). Aphid survival rates range from 0 to 80% depending on tree genotype (Table 1) (Whitham 1989) . Compson et al. (2011) have identified that the aphids' ability to develop a strong sink as one genetically based feature of cottonwoods influencing aphid success. Sink strength in plants is regulated by phytohormones, particularly cytokinins (CKs) (Roitsch and Ehneß 2000) . Other gall characteristics, including size and shape as well as chemistry (e.g., sugar and condensed tannin contents [Larson and Whitham 1991; Bailey et al. 2006; Compson et al. 2011] ) are likely regulated by phytohormones as well.
We hypothesize that plant resistance is likely to involve heritable phytohormone signaling pathways needed for gall growth, maintenance, and food supply, as well as plant defense. In this study, we quantified, for the first time, a suite of 15 phytohormones belonging to five different classes to obtain an overview of the alteration of phytohormone profile in galls. We characterized the relationship between tree genotypic resistance to galling and phytohormone concentrations in galls and ungalled leaves across five different tree genotypes, ranging from resistant to susceptible (Table 1) at three different dates. We examined differences in phytohormone profiles between galls and ungalled control leaves from each genotype to characterize how each genotype responds to galling. We also evaluated the hypothesis that constitutive and induced phytohormone profiles and response to galling could be related to the genetics of the host tree.
RESULTS

Variation in overall phytohormone signatures.
We first asked whether phytohormone concentrations as a whole ('profiles') in our sample population differed with tissue type (galls versus ungalled control leaves), tree genotype susceptibility, and sampling date. Phytohormone profiles differed significantly between galls and ungalled control leaves, among tree genotypes, and between collection dates (generalized linear models [GLM] , three-way multivariate analysis of variance [MANOVA] , P £ 0.001 for each factor [ Table 2 ]). We also found a significant interaction between factors (GLM, three-way MANOVA, P £ 0.001 for tissue×susceptibility, tissue×date, and susceptibility×date [ Table 2 ]) as well as for the interaction of these three factors (GLM, three-way MANOVA, P £ 0.001 for tissue×susceptibility×date [ Table 2 ]).
Variation in individual phytohormone concentrations.
We then asked whether concentrations of individual phytohormones in galls and ungalled control leaves differed among Fig. 1 . Pemphigus betae aphid inducing a gall on Populus angustifolia leaves. A, Fundatrix aphid inducing a gall near the base of the midvein on the upper surface of a poplar leaf. B, Young gall forming near the base of the midvein on the upper leaf surface. The fundatrix (approximately 0.6 mm long) moves back and forth in the gall depression (approximately 3 mm long) adjacent to the midvein continually probing the leaf tissue with her stylet and, within about 3 days, is completely enclosed in gall tissue. C, Side view of fully developed galls that have formed on the underside of the leaf from the activity of the fundatrix on the upper leaf surface. Photo credits: A and B, Thomas G. Whitham; C, Heidi M. Appel. tree genotypes and sampling dates, using GLM procedures (Table 3) followed by posthoc Tukey's highly significant difference (HSD) tests when a significant effect was found. Gibberellins (GAs). Constitutive concentrations of GA1, GA3, and GA4 in leaves were significantly greater on the two most-resistant tree genotypes (1008 and 996) (GLM procedure, Tukey's HSD posthoc test, P £ 0.05), while leaf concentration of GA7 was greatest only on the most-resistant tree genotype 1008 (GLM procedure, Tukey's HSD posthoc test, P £ 0.05). GA concentrations did not vary with sampling date in leaves (GLM procedure, P = 0.338 for GA1, 0.538 for GA3, 0.691 for GA4, and 0.551 for GA7 [ Fig. 2A]) . In galls, concentrations of GA3 and GA4 were greatest in the mostresistant tree genotype (1008) (GLM procedure, Tukey's HSD posthoc test, P £ 0.05), concentration of GA1 was greater in the three most-resistant tree genotypes (1008, 996, and WC5) (GLM procedure, Tukey's HSD posthoc test, P £ 0.05). GA7 concentrations in galls did not differ among tree genotypes (GLM procedure, P = 0.297). All GAs were significantly more concentrated in galls on the first sampling date (GLM procedure, Tukey's HSD posthoc test, P £ 0.05), followed by declines for all the genotypes ( Fig. 2A) .
CKs. Concentrations of all four CKs in leaves were significantly greater on the most-susceptible tree genotype (1017) than on any other genotypes (GLM procedure, Tukey's HSD posthoc test, P £ 0.05). Concentrations of 6-(D2-isopentenyl) adenine (iP), 6-(D2-isopentenyl) adenine riboside (iPR), and trans-zeatin (tZ) did not differ with sampling date in leaves (GLM procedure, P = 0.284 for iP, 0.153 for iPR, and 0.210 for tZ), while concentration of trans-zeatin riboside (tZR) in leaves was greatest on the first date (GLM procedure, Tukey's HSD posthoc test, P £ 0.05 (Fig. 2B]) . Concentrations of all CKs were significantly greater in galls on the mostsusceptible tree genotype (1017) (GLM procedure, Tukey's HSD posthoc test, P £ 0.05) and on the first sampling date (GLM procedure, Tukey's HSD posthoc test, P £ 0.05 (Fig. 2B]) .
Auxins (AUXs). Both indole 3-acetic acid (IAA) and indole-3-butanoic acid (IBA) were significantly more concentrated in leaves of the two most-resistant tree genotypes (1008 and 996) than in leaves of the other genotypes (GLM procedure, Tukey's HSD posthoc test, P £ 0.05). Concentrations of these two AUXs did not vary with sampling date in leaves (GLM procedure, P = 0.431 for IAA, and 0.741 for IBA (Fig. 2C] ). Both AUXs were a Statistical differences are indicated as follows: three asterisks (***) indicate P £ 0.001, two (**) P £ 0.01, one (*) P £ 0.05, and a black dot • P £ 0.1. iPR = 6-(D2-isopentenyl) adenine riboside; iP = 6-(D2-isopentenyl) adenine; tZR trans-zeatin riboside; tZ = trans-zeatin; IAA = indole 3-acetic acid; IBA = indole-3-butanoic acid; SA = salicylic acid; OPDA = 13-epi-12-oxo-phytodienoic acid; JA = jasmonic acid; JA-Ile = jasmonoyl-isoleucine.
(Continued) Fig. 2 . Phytohormone levels in ungalled control leaves and galls for five individual tree genotypes. A, Gibberellins (GAs), B, cytokinins, C, auxins, D, abscisic acid, E, salicylic acid and jasmonic acid defense signaling. Data are presented in nanograms per milligram of fresh weight, and boxplots display the minimum, first quartile (Q1), median, third quartile (Q3), and maximum for each phytohormone, tissue, tree genotype, and collection date. Note that no gall was found on the most-resistant tree genotype 1008 on Julian day 165. significantly more concentrated in galls of the most-resistant tree genotype 1008 (GLM procedure, Tukey's HSD posthoc test, P £ 0.05) and on the first sampling date of all the genotypes (GLM procedure, Tukey's HSD posthoc test, P £ 0.05 ( Fig. 2C] ). Abscisic acid (ABA). The ABA concentration was significantly greater in leaves of the most-resistant tree genotype (1008) than in others (GLM procedure, Tukey's HSD posthoc test, P £ 0.05) and on the first sampling date (GLM procedure, Tukey's HSD posthoc test, P £ 0.05 (Fig. 2D ). Concentration of ABA was significantly greater in galls of the two most-resistant tree genotypes (1008 and 996) (GLM procedure, Tukey's HSD posthoc test, P £ 0.05) and on the first sampling date of all the genotypes (GLM procedure, Tukey's HSD posthoc test, P £ 0.05 (Fig. 2D]) .
Defense signaling. Concentrations in leaves of all the defense-related phytohormones (SA, 13-epi-12-oxo-phytodienoic acid [OPDA] , jasmonic acid (JA), jasmonoyl-isoleucine [JA-Ile]) were significantly greater on the most-resistant tree genotype 1008 than in leaves of all the other genotypes (GLM procedure, Tukey's HSD posthoc test, P £ 0.05). Concentrations of these four phytohormones did not change with sampling date (GLM procedure, P = 0.589 for SA, 0.078 for OPDA, 0.764 for JA, and 0.604 for JA-Ile [ Fig. 2E] ). In galls, SA and OPDA exhibited significantly greater concentrations on the two most-resistant tree genotypes (1008 and 996) (GLM procedure, Tukey's HSD posthoc test, P £ 0.05), while JA and JA-Ile were most concentrated on the most-resistant tree genotype (1008) only (GLM procedure, Tukey's HSD posthoc test, P £ 0.05). Concentrations of all four phytohormones were greatest in galls on the first sampling date (GLM procedure, Tukey's HSD posthoc test, P £ 0.05), followed by declines for all the tree genotypes (Fig. 2E) .
Phytohormonal responses to galling.
To determine whether the greater concentrations of phytohormones in galls as compared with ungalled leaves represents changes induced by galling, we examined the differences between gall and ungalled control leaf values on 36 individual trees from our study population representing the same range of susceptibility genotypes. A GLM, two-way MANOVA indicated that phytohormone signature differences between gall and leaf values differed significantly among tree genotype susceptibility and sampling date (GLM, two-way MANOVA, P £ 0.001 for each factor [ Table 2] ). An interaction between these two factors was also significant (GLM, two-way MANOVA, P £ 0.001 for susceptibility×date [ Table 2 ]). Tukey's HSD posthoc tests indicated that the increases of all 15 phytohormones differed among dates (GLM procedure, Tukey's HSD posthoc test, P £ 0.05). In each case, concentration differences on either the first or first and second dates were significantly greater than differences seen on subsequent dates (Fig. 3) .
All individual phytohormone concentration differences (GLM procedure, Tukey's HSD posthoc test, P £ 0.05) but two (GLM procedure, P = 0.147 for GA7 and 0.347 for tZR [ Table 3 ]) varied among tree genotypes as well. In a pattern similar to measures for galls and leaves alone, changes in concentrations of GAs, AUXs, ABA, and defense-related phytohormones were greatest in the most-resistant tree genotypes (GLM procedure, Tukey's HSD posthoc test, P £ 0.05), while changes in CKs were greatest in the most-susceptible tree genotype 1017 (GLM procedure, Tukey's HSD posthoc test, P £ 0.05 [ Fig. 3] ).
Heritability of differential constitutive phytohormone concentrations and induced responses.
We quantified genotype-related variation in phytohormone concentrations in galls and ungalled control leaves by estimating broad-sense heritabilities (H 2 B ). We found significant (P £ 0.05) H 2 B estimates for constitutive concentrations of all phytohormones except ABA and JA-Ile. Estimates ranged from 0.39 (GA7) to 0.93 (JA) ( Table 4) .
We estimated H 2 B of concentration differences between galls and ungalled control leaves on the same trees (induced response) (Table 4) . We found significant (P £ 0.05) H 2 B estimates of induced concentration differences ranging from 0.28 (GA1) to 0.66 (GA4) for all GAs but GA7, one AUX (IBA), and for SA among defense-related signals.
We also plotted reaction norms (RN) (Fig. 4) to visualize the relationships between phytohormone responses to galling and each tree genotype. The RN slopes for GA3, GA4, IBA, SA, JA, and JA-Ile on the resistant tree genotype 1008 (and 996 for SA) were significantly steeper than the slopes on the other genotypes (GLM procedure, Tukey's HSD posthoc test, P £ 0.05 [ Fig. 4] ), indicating significant genotypic responses. Similarly, the RN slope for iP on susceptible tree genotype 1017 was steeper than slopes of all CK RNs on the other genotypes (GLM procedure, Tukey's HSD posthoc test, P £ 0.05 [ Fig. 4] ). These responses also changed significantly with collection dates for iPR, iP, tZ, SA, and JA-Ile, and marginally for GA7 and tZR (Table 4) as leaves became less responsive.
DISCUSSION
Phytohormones have pivotal roles in initiating and regulating plant growth and development as well as in coordinating defense responses. The ultimate plant phenotype is shaped by the activities of multiple phytohormones and their interactions (Davies 2010; Pieterse et al. 2012) . Insect gall growth and development should be no exception.
In this study, we surveyed phytohormone concentrations in ungalled leaves of five Populus angustifolia genotypes that differ in susceptibility (ranging from 0 to 80%) to gall formation by the aphid Pemphigus betae (constitutive levels). We also assessed phytohormone concentrations in Pemphigus betae galls from these five tree genotypes and compared phytohormone concentrations in galls with those in matched leaves on the same individual trees, to assess the hormonal responsiveness of the trees to galling. The 15 phytohormones chosen for study are involved in either growth and development regulation or stress and defense responses. The genetic correlation between phytohormone profiles and tree resistance to galling was examined for both constitutive (leaf) and induced (difference between leaf and gall) levels.
Growth regulators in resistant and susceptible poplar genotypes.
GAs (GA1, GA3, GA4, and GA7) and AUXs (IAA and IBA) had greater constitutive concentrations (up to 2.3 times) in leaves of the three most-resistant tree genotypes (1008, 996, and WC5) than in the two least-resistant genotypes (999 and 1017). In contrast, CKs (iPR, iP, tZR, and tZ) had up to 7.8 times greater constitutive concentrations in leaves of the most-susceptible tree genotype, i.e., 1017.
GAs regulate growth and influence various developmental processes, including stem elongation, germination, dormancy, flowering, leaf and fruit senescence, and starch hydrolysis, among other things (Huot et al. 2014) . Concentrations of all four GA forms known to be active tended to be or were significantly elevated in younger galls on all tree genotypes, at least for the first collection date (up to 5.1 times). Concentration differences among genotypes and between galls and leaves waned as leaves and galls aged.
There are relatively few studies of GAs in a resistance context (Li et al. 2017; Moosavi 2017; Tokuda et al. 2013) . GAs stimulated plant innate defense responses and increased tomato resistance to the root galling nematode Meloidogyne javanica (Moosavi 2017) . A study of Cicadulina bipunctata leafhoppers showed that GA1 and GA4 concentrations were both significantly decreased in insect galls on a susceptible variety of corn (Zea mays) (Tokuda et al. 2013 ). The opposite pattern was shown in galls induced by the gall wasp Leptocybe invasa on Eucalyptus sp., with more GAs in small and medium galls than in their respective controls on both susceptible and resistant varieties (Li et al. 2017) . The decline in GA accumulation in galls from the first through the last collection dates on all tree genotypes is consistent with the findings of Li et al. (2017) . Interestingly, JA signaling has been shown to suppress GA synthesis (Heinrich et al. 2013; Vidhyasekaran 2015) and GA signaling is antagonistic to JA-mediated responses to herbivores and may promote resistance responses to microbes (Moosavi 2017; Vidhyasekaran 2015 ). Yet, both JA and GA concentrations were constitutively elevated in galls on resistant trees from the first collection date. On the other hand, GAs can also suppress CK synthesis (Greenboim-Wainberg et al. 2005) and CK levels were minimal in galls on resistant plants on Julian day 130.
As was true for GAs, higher AUX concentrations (up to two times) were characteristic of leaves and galls on the moreresistant tree genotypes 1008, 996, and WC5. IAA and IBA concentrations were generally greater in galls than leaves (up to 4.5 times); this difference was greatest and only significant on the (Continued) Fig. 3 . Difference in phytohormone levels between galls and ungalled control for five individual tree genotypes. A, Gibberellins, B, cytokinins, C, auxins, D, abscisic acid, E, salicylic acid and jasmonic acid defense signaling. Data are presented in nanograms per milligram of fresh weight, and boxplots display the minimum, first quartile (Q1), median, third quartile (Q3), and maximum for each phytohormone, tree genotype, and collection date. Note that no gall was found on the most-resistant tree genotype 1008 on Julian day 165. (Benková et al. 2003; Liscum et al. 2014) , which is evident in Pemphigus betae galls (Richardson et al. 2017) . Gall formation involves cell hypertrophy and tissue hyperplasia (Richardson et al. 2017) (Fig. 5) , which are regulated by IAA (Bandurski et al. 1995; Davies 2010; Raman et al. 2005 ). In addition, since plant innate immunity to pathogens is negatively influenced by auxin signaling (Naseem et al. 2015) , high auxin concentrations could contribute to resistance against insects requiring microbes for host-plant manipulation (Zhang et al. 2017 ).
As was seen for all the phytohormones we measured, AUX concentrations in galls declined after our first sampling date. Our analysis was performed on full-sized galls, and the absence of increased AUX concentrations in galls for the late collection dates suggest that galls might not require high AUX concentrations beyond some maturation point. Byers et al. (1976) and Mapes and Davies (2001a) also reported that levels of AUX bioactivity declined with the developmental age of the galls they studied. Whole-gall sampling also may not reflect active concentrations if localization of AUXs is more important than total concentrations in the gall (Bedetti et al. 2014) . Further investigations will be needed to clarify the role of AUX in this system. The distribution of CK concentrations among tree genotypes was generally the opposite of that for all the other phytohormones we studied. All CK concentrations were significantly greater in leaves of susceptible genotype 1017 than in other trees on the first sampling date (up to 7.8 times), and concentrations in galls on 1017 were up to 16.5 times greater than in galls on more-resistant trees. CK concentrations in galls declined with time to levels at or near those in leaves, although those older leaf and gall levels were still significantly greater in 1017 than in other trees.
CK elevation in various galls has been reported many times (Li et al. 2017; Mapes and Davies 2001b; Tanaka et al. 2013; Tooker and Helms 2014; Yamaguchi et al. 2012) , which is consistent with the role of CKs in regulating cell division, proliferation (Davies 2010) , and sink strength (Roitsch and Ehneß 2000) , key processes in gall growth (Carneiro et al. 2014; Giron et al. 2013 Giron et al. , 2016 Gohlke and Deeken 2014; Richardson et al. 2017; Rohfritsch 1992; Stes et al. 2011; Tooker and Helms 2014) . While iP and tZ are active CK forms, the ribosides may represent deactivated forms acting either as sinks or sources for CKs (Zürcher and Müller 2016) , although the ribosides are active signals in some plant species (Holub et al. 1998) .
CKs may play an important role in Populus angustifolia resistance to Pemphigus betae. Our results support previous data concluding that tree resistance is related to the inability of aphids to develop and maintain the strong sinks necessary for gall growth and development (Compson et al. 2011; Whitham 1991, 1997; Zinkgraf et al. 2016) . Zinkgraf et al. (2016) showed that variation in two Populus angustifolia genes putatively involved in regulating sink-source relationships-a plant neutral invertase (NIN1) and an inhibitor of invertase (C/VIF1)-is associated with tree resistance to galling by Pemphigus betae. CKs are important regulators of invertases and sink strength (Roitsch and Ehneß 2000) . Success of gall-forming bacteria Agrobacterium tumefaciens and Plasmodiophora brassicae depends on using exogenous CKs and increasing endogenous CK production to increase local sink strength (Boivin et al. 2016; Deeken et al. 2006; Gohlke and Deeken 2014) , as is true for many non-galling plant pathogens and symbionts (Choi et al. 2011) . Li et al. (2017) also reported that susceptible Eucalyptus varieties had higher levels of CKs (ZR and Z) than the resistant variety. The patterns we observed are consistent with the hypothesis that low constitutive and gall CKs may be a mechanistic basis of gall failure and tree resistance (Fig. 5) .
Stress response and defense signaling.
ABA concentrations were elevated in galls on all tree genotypes for at least the first (up to 5.4 times) and often the second collection dates. Like elevated GAs, elevated ABA concentrations in galls may be characteristic of responses to aphid feeding. Increases of ABA transcripts or concentrations, or both, are involved in plant defense against aphids (Morkunas and Gabryś 2011) as well as caterpillars (Appel et al. 2014) , and aphid feeding likely elicits a stress response (Tokuda et al. 2013) . Straka et al. (2010) and Tooker and De Moraes (2011) found greatly elevated levels of ABA in galling psyllids and caterpillars but not in their galls, while Li et al. (2017) found no difference in ABA levels in susceptible and resistant control tissues but an increase in galled tissues in response to a wasp that was greater on the resistant Eucalyptus exserta variety. The role of ABA in galling remains obscure.
Defense signals (SA, JA precursor OPDA, JA, and JA-Ile) were up to 4.6 times more concentrated in leaves of moreresistant tree genotypes than on susceptible trees. Both JA and SA also were more concentrated in galls on the more-resistant tree genotypes than in susceptible ones for one or both of the first (up to 4.5 times) and, sometimes, second collection dates as well. The elevation of OPDA, JA, and JA-Ile concentrations in galls suggests that this biosynthetic pathway was activated there, although OPDA has independent signaling activity in some plant species (Stintzi et al. 2001) . JA signaling is generally induced by necrotrophic pathogens and chewing herbivores (Erb et al. 2012; Pieterse et al. 2012; Thaler et al. 2012) , while SA signaling is involved in resistance against biotrophic pathogens and fluid-feeding herbivores (Erb et al. 2012; Pieterse et al. 2012; Thaler et al. 2012) . The leaves and galls we sampled were not sterile, so it is possible that ungalled leaves or galled tissues might have been responding to bacteria or fungi already present or introduced by the aphids in the galls. Since SA-and JA-signal concentrations varied together among tree genotypes, our results did not provide evidence of the well-established antagonism between SA and JA pathways, at least at the level of signal concentrations (Thaler et al. 2012 ). = broad-sense heritabilities; CI = confidence interval; an asterisk indicates statistical difference at P £ 0.05; iPR = 6-(D2-isopentenyl) adenine riboside; iP = 6-(D2-isopentenyl) adenine; tZR trans-zeatin riboside; tZ = trans-zeatin; IAA = indole 3-acetic acid; IBA = indole-3-butanoic acid; OPDA = 13-epi-12-oxo-phytodienoic acid; JA-Ile = jasmonoyl-isoleucine.
The trees used in this study were clones planted in a common garden. This allowed us to identify significant heritability of between-genotype variation in phytohormone concentrations in leaves and galls. These traits may thus be subject to selection and play a role in the evolution of tree resistance to Pemphigus betae.
Elevated concentrations of defensive signals and growth phytohormones in more-resistant trees are not consistent with what is known about the complex regulation and interactions of these phytohormones. Several can suppress synthesis of others (e.g., ABA impact on GAs and SA synthesis, JA impact on SA and GA synthesis and vice versa, AUX impact on ABA synthesis [Adie et al. 2007; Noriega and Pérez 2017; Seo et al. 2006; Vidhyasekaran 2015; Zhang et al. 2009] ); yet, all were elevated together in galls or leaves on resistant trees.
Induced phytohormone changes.
Galling increased concentrations of GA3, GA4, IBA, SA, JA, and JA-Ile on resistant tree genotypes 1008 (and 996 for SA) more than on susceptible genotypes, as seen in MANOVA results and an analysis of reaction norms comparing leaves and galls on the same individual trees. Resistance to Pemphigus betae galling in our study tree population was associated not only with constitutive concentrations of these phytohormones but, in many cases, with the degree to which their concentrations increased in galls as well. On the other hand, galling induced significantly greater concentrations of iP and tZ on susceptible genotype 1017 than on the other tree genotypes. Susceptibility was thus associated with higher constitutive CK concentrations and the degree to which iP increased in galls. These differences among tree genotypes suggest that phytohormone concentrations and induction have a heritable basis. Indeed, we found moderate to large estimates of H 2 B for galling-induced changes in GA1, GA3, GA4, IBA, and SA. The contribution of the changes in susceptible tree genotype 1017 could not be discerned in an analysis across all five genotypes, but both concentrations and increases in concentrations of iP and tZ were significantly greater on that genotype than on the others.
While the role of variation in growth phytohormones in tree resistance to Pemphigus betae has not yet been experimentally tested, it is clear that the most-resistant tree genotype differed from the most-susceptible genotype by having enhanced constitutive or induced concentrations, or both, of some of the phytohormones known to be involved in growth as well as defense against pathogens and herbivores and by strikingly low concentrations of constitutive and induced CKs. This pattern is consistent with the view that galling success (initiation and maintenance) and tree susceptibility may depend on CK concentrations to elicit sink strength and suppress constitutive and induced concentrations of defense signals (Fig. 5) .
The trees used in this study were classified as resistant to aphids on the basis of the number of galls found on a particular date. Since we studied relatively mature galls, we cannot associate phytohormone profiles with colonization or gall initiation. Many traits other than phytohormones that could influence early events differ between the two extreme genotypes (1008 and 1017), such as architecture, leaf nitrogen, condensed tannins, and salicortin Donaldson et al. 2006; Hwang and Lindroth 1997) . Of course, many of these traits are influenced or regulated by phytohormones. Nonetheless, our results indicate that large differences in phytohormone profiles and the degree to which Pemphigus betae influences these distinguish resistant from susceptible tree genotypes, that these traits are heritable, and that they likely factor into the evolution of tree resistance to Pemphigus betae. This phytohormone variation may be partly responsible for the Fig. 5 . Hypothetical mechanisms involved in poplar resistance to the gall-inducing aphid. This diagram is based on this work and previously published studies showing how the interaction between the galling aphid and its host plant could differ between the resistant and susceptible poplar genotypes. Steps in gray are likely to be constitutively or aphid-induced down-regulated, or both. Gibberellins can only increase the strength of an existing sink, hence the dashed lines. Sources: 1, this study; 2, Erb et al. 2012; 3, Bailey et al. 2006; 4, Bonfig et al. 2010; 5, Zinkgraf et al. 2016; 6, Roitsch and González 2004; 7, Roitsch and Ehneß 2000; 8, Larson and Whitham 1991; 9, Compson et al. 2011; 10, Robert-Seilaniantz et al. 2011; 11, Davies 2010; 12, Jones and Kaufman 1983; 13, Iqbal et al. 2011; 14, Richardson et al. 2017; and 15, Whitham 1989. demonstrated cascading impacts of tree genotype on community structure (arthropods, fungi, and birds), community stability, interaction networks, sink-source relationships, litter decomposition, and nutrient cycling Dickson and Whitham 1996; Keith et al. 2017; Schweitzer et al. 2005; Smith et al. 2011; Whitham et al. 2006 Whitham et al. , 2008 in the cottonwood-Pemphigus system. Detailed studies of phytohormonal features and functions during gall initiation and development in more tree genotypes could provide a better understanding of how Pemphigus betae has such far-ranging ecological impacts.
MATERIALS AND METHODS
Biological system.
The sugarbeet root aphid Pemphigus betae (Hemiptera: Aphididae) induces galls on leaves of the narrowleaf cottonwood Populus angustifolia (Salicaceae) (Fig. 1) (Harper 1959) ; Richardson et al. (2017) provides a more detailed view on Pemphigus betae gall development. Each gall (size of fully developed galls is about 25 mm long, about 6 mm deep [Harper 1959] ) is induced by a single aphid (a fundatrix or stem mother) in the spring on poplar leaves (preferentially at their base) that are only a tenth to a quarter of their fully expended size (size of fully expanded leaf is 50 to 90 mm long, 10 to 25 mm wide [USDA-NRCS 2008] ). Success in eliciting galls is influenced significantly by tree genotype (Compson et al. 2011; Whitham 1989; Zinkgraf et al. 2016) , and Populus angustifolia genotypes differing significantly in resistance to Pemphigus betae galling have been identified and propagated in a common garden (Keith et al. 2010 ).
Sample collection.
Ungalled (control) and galled narrowleaf cottonwood leaves were collected (Ogden Nature Center, Ogden, UT, U.S.A.) on May 11, May 20, and June 14, 2009 (Julian days 130, 140 , and 165, respectively) on 18-year-old poplar trees from the common garden established in 1991 at the Ogden Nature Center. Leaves were immediately frozen in liquid nitrogen and were stored at _ 80°C until analysis. By using trees from a common garden in which individual genotypes were planted at random, we standardized the growing conditions so that observed differences among genotypes were primarily due to innate genetic differences rather than environmental effects.
Leaves were harvested on five different poplar genotypes displaying a wide range of susceptibility to the gall-inducing aphid Pemphigus betae (1017 > 999 > WC5 > 996 > 1008) (Table 1 ) on all three of the collection dates mentioned above, except for the most-resistant tree genotype, 1008, for which no gall was found on Julian day 165. Susceptibility values of specific genotypes in the wild (determined by the number of successful galls per total number of attempts on naturally occurring trees) were highly correlated with susceptibility values on clones of the same genotypes grown in a common garden (determined by the survival of experimentally transferred stem mothers; r = 0.90, P < 0.001 [Whitham 1989]) . Subsequent studies showed that these survival values, ranging from 0 to 75%, remained stable for at least 20 years for individual tree genotypes (Zinkgraf et al. 2016) . The galls were collected from the upper two thirds of the trees, because galls are generally concentrated on sexually mature branches (Kearsley and Whitham 1989) , in which sink strength is greatest and leaves are larger, resulting in high survival and reproduction (Larson and Whitham 1997; Whitham 1983) . To reduce the influence of gall sinks on nearby leaves, galled and ungalled leaves were collected from separate shoots, where a shoot was a group of leaves that originated from the same bud.
The colonizing stem mothers must form their galls during a very short window of about 3 days when the leaves have just emerged from the bud (bud flush is generally in late March to early April) (Kearsley and Whitham 1989; Keith et al. 2017) ; therefore, both control and galled leaves were about 8 weeks old when collected in late May and early June, and we can confidently say the galls were harvested at a very similar age. Both control and galled leaves were collected at the same time to make sure physiological differences observed are due to tree genotypes or presence of the galls and not due to phenological changes in the trees. Leaves were about 35 mm long and 18 mm wide, with fully developed galls that were about 10 mm long, 5 mm wide, and 2.5 mm deep. Galled leaves were dissected to remove leaf tissue surrounding the galls and the aphids inside the galls. The pooling scheme and sample sizes are provided in Table 1 .
Phytohormone quantification.
Phytohormones. We chose to study phytohormones involved in growth and development (GAs, CKs, AUXs), source-sink relationships (CKs), response to stress (ABA), and defense signaling (SA, JA). To increase our ability to interpret results, we included several alternative forms of GAs, CKs, AUXs, and JAs.
Chemicals. Phytohormone standards, i.e., GA1, GA4, GA7, iP, iPR, tZ, tZR, IAA, ABA (2-cis,4-trans-abscisic acid), JA, OPDA (a JA precursor), JA-Ile (a bioactive JA derivative), and stable isotope-labeled compounds (internal standards), i.e., D6-ABA ([2H6]-cis,trans-abscisic acid) and D6-iP ([2H6]-N6-isopentenyladenine), were purchased from OlChemIm Ltd. (Olomouc, Czech Republic). GA3, IBA, and SA were purchased from Sigma-Aldrich (St. Louis). Double-distilled (MilliQ) water was used throughout the experiment.
Sample preparation. The protocol for phytohormone analysis by high-performance liquid chromatography-electrospray ionizationtandem mass spectrometry (HPLC-ESI-MS/MS) has been adapted from Pan et al. (2010) . As plant hormones are unstable at room temperature, phytohormone extraction took place in a cold room at 4°C, on ice or in liquid nitrogen. Frozen plant tissues were ground in liquid nitrogen with a mortar and a pestle. Each sample was weighed (about 200 mg) as powder on a microbalance (Denver Instrument, Bohemia, NY, U.S.A.) and was transferred into a 15-ml Falcon tube. Fifty microliters of the working solution of internal standards (500 ppb) and 2 ml of extraction solvent, 2-propanol/H 2 O/concentrated HCl (2:1:0.002, vol/vol/vol) were added to each 15-ml tube containing the frozen material. Samples were shaken with a tube rotator (J.A.G. Industries Inc., Baltimore, MD, U.S.A.) at 100 rpm for 30 min at 4°C before adding 1 ml of dichloromethane. Tubes were shaken again for 30 min in a cold room at 4°C and were centrifuged at 4°C at 13,000 × g for 5 min. After centrifugation, two phases were formed; plant debris was located between the two layers. About 2 ml of the solvent from the lower phase were transferred and filtered through a 0.2 µl syringe filter (Whatman plc, Maidstone, U.K.) into a 2-ml Eppendorf tube. The solvent was evaporated under a gentle nitrogen gas flow; meanwhile, a second extraction was performed by adding 1 ml of dichloromethane to each sample, shaking them for 30 min in a cold room at 4°C, and centrifuging them at 4°C at 13,000 × g for 5 min. About 1.5 ml of the solvent from the lower phase were transferred and filtered at 0.2 µl into the same 2-ml Eppendorf tube. The solvent mixture was concentrated (not completely dry) under a gentle nitrogen gas flow. Samples were then redissolved in 100 µl of methanol and were transferred into a 150-µl insert in a 2-ml LCMS-certified (liquid chromatography-mass spectrometry) amber glass vials (Waters, Milford, MA, U.S.A.).
HPLC-ESI-MS/MS. Thirty microliters of sample solution were injected twice (for either positive or negative ion mode [Supplementary Table S1 ]) into a HPLC-ESI-MS/MS for quantification of all phytohormones. The phytohormones were separated by a reverse-phase C 18 HPLC column (Kinetex 2.6 µm C 18 100Å, LC column 100 mm × 4.6 mm; Phenomenex, Torrance, CA, U.S.A.) on a Waters 2695 HPLC system coupled with a UV detector (Waters 996 photodiode array detector) and a Waters Acquity TQ triple quadrupole mass spectrometer (MS/MS) (Waters TQ Detector, Acquity ultra performance LC), controlled by the Waters Empower 3 Chromatography software. The binary solvent system used for phytohormone separation was 100% acetonitrile with 0.1% (vol/vol) formic acid (mobile phase A) and MilliQ water with 0.1 (vol/vol) formic acid (mobile phase B) set as follows for a 15 min run: 0 min, 2% A, 98% B; 7.27 min, 80% A, 20% B; 7.37 min, 98% A, 2% B; 10 min, 2% A, 98% B. The oven (holding HPLC column) temperature was set at 40°C and the solvent flow rate at 0.5 ml min _ molecular ion and its product ions was generated; the predominant fragmented ion was selected as the product ion for quantification. The ion source in the MS/MS system was ESI operated in the positive or negative ion mode with capillary voltage of 1.5 kV. The ionization sources were programmed at 150°C and the desolvation temperature was programmed at 450°C. The MS/MS system was operated in the multiple reaction monitoring (MRM) mode with the optimized collision energy. The ionization energy, MRM transition ions (precursor and product ions), capillary and cone voltage, desolvation gas flow, and collision energy were optimized by the Waters IntelliStart optimization software package. All phytohormone concentrations are presented as nanograms per milligram of fresh weight (FW).
Statistical analysis.
Three-way MANOVA was used to analyze phytohormonal signature of galls and leaves among all tree genotypes at three collection dates, using SAS (SAS Institute, Cary, NC, U.S.A.). All phytohormone concentrations were used as variables, while tissue (galls versus ungalled control leaves), susceptibility index values (tree genotypes), and Julian days (collection dates) were used as factors. The overall plant response to galling was evaluated using a two-way MANOVA. Differences between galls and their respective ungalled control leaves were used as variables, while susceptibility index values (tree genotypes) and collection dates (Julian days) were used as factors. For both three-way and two-way MANOVAs, we used the Pillai's test statistic, which is considered to be the most robust to violations of assumptions (Scheiner 1993) .
GLM procedures were used to analyze phytohormone concentrations in galls and leaves (tissue), among tree genotypes (susceptibility), at three collection dates (Julian days), and interactions between these three factors, using SAS (SAS Institute). GLM were used to examine plant response to galling (difference between galls and their respective ungalled control leaves) for each phytohormone, depending on susceptibility and collection dates, as well as the interaction between these two factors. We used Tukey's HSD as posthoc test (SAS Institute).
To determine the influence of plant genetics, we calculated H 2 B estimates for the constitutive concentration and induced response for each phytohormone phenotype. The constitutive concentration represented the phytohormone concentration in ungalled leaf tissue and the induced response represents the difference in phytohormone concentration between paired samples of galls and their respective ungalled control leaves of each ramet at each sampling date. The genetic contribution of tree genotype was calculated using a mixed linear model with tree genotype as a random effect, ramet location in the common garden was nested within genotype, and sampling date was a fixed experimental effect (Lynch and Walsh 1998) . Heritability was calculated as the proportion of variation due to genetic effects and was expressed as H 2 B = V G /V T , where V G is the genotypic variance and V T is the total variance of the model (Falconer and Mackay 1996) . The variance components were estimated using restriction maximum likelihood (REML), and basic confidence intervals (95%) of the heritability were calculated using bootstrapping with 10,000 replications. The heritability and bootstrap analyses were conducted with the lme4 and boot packages in the statistical program R version 3.5.0 (R Development Core Team 2018; The R Foundation for Statistical Computing, Vienna, Austria).
The level of significance used in all tests was a = 0.05. All phytohormone concentrations are presented as nanograms per milligram of FW.
